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1.0  SUMMARY 

The  use  of  W/V  band  for  applications  in  mobile  communications  as  well  as  high  bandwidth 
satellite  links  continues  to  build  across  industry  and  governments.  However,  developments  in 
modeling  of  atmospheric  attenuation  and  research  into  antennas  that  operate  at  these  frequencies 
are  in  relative  infancy  compared  to  the  more  commonly  used  bands.  This  effort  investigates  both 
the  validity  of  current  attenuation  models  for  W/V  band  as  well  as  investigating  a  novel  slot 
antenna  design.  The  published  W/V  band  attenuation  model  by  the  International 
Telecommunications  Union  (ITU)  was  found  to  be  lacking  based  on  experimental  validation. 
Furthermore,  the  W/V  band  slot  antenna  design  and  subsequent  arrays  in  this  work  were  simulated 
and  show  promise  as  a  useful  radiator. 

2d)  INTRODUCTION 

The  most  critical  problem  in  the  W/V  band  type  of  communication  link  is  the  uncertainty  of 
signal  attenuation,  depolarization,  and  phase  distortion  that  results  from  atmospheric  absorption, 
scintillation,  and  meteorological  effects  (e.g.,  rain  fade,  atmospheric  and  molecular  absorption, 
etc.)  [1-6].  Rain  parameters  such  as  drop  size,  drop  shape  and  canting  affect  the  propagation  of 
waves  at  such  extremely-high  frequencies.  Rain  is  the  most  dominant  attenuation  cause  and 
scattering  in  the  atmosphere  at  W/V  band.  At  these  frequencies,  the  wavelength  is  comparable  to 
the  size  of  raindrops.  As  rainfall  affects  the  propagation  of  the  wave,  rainfall  itself  is  also  affected 
by  several  other  factors,  such  as  wind  velocity  and  temperature. 

Some  of  our  previously  reported  work  focused  on  validating  the  Mie  theory  for  rain  attenuation 
at  72  and  84  GHz.  We  compared  model  predictions  under  various  parameters  such  as  complex 
index  of  refraction  models  and  raindrop  size  distribution  models  to  experimental  data.  The  data 
was  collected  from  the  W/V  band  Terrestrial  Link  Experiment  (WTLE)  that  has  been  in  operation 
between  the  Sandia  Crest  and  the  University  of  New  Mexico  since  the  summer  of  2015.  The 
distance  between  the  transmitter  and  the  receiver  is  approximately  22.5  km  with  an  elevation  angle 
of  4.16  degrees.  Two  different  models,  the  International  Telecommunication  Union  Radio 
communication  Sector  ITU-R  [1]  and  the  Siva-Mello  [4]  models,  were  used  to  predict  attenuation. 
Some  of  the  results  were  reported  last  year.  This  year  a  shorter  distance  prototype  of  the  WTLE 
experiment  was  established,  spanning  the  distance  of  only  0.56  km  and  operating  at  84  GHz.  In 
this  experiment  the  weather  factors  affecting  any  signal  attenuation  are  better  known  than  the 
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longer  version  of  the  WTLE  experiment. 

This  report  is  divided  into  three  parts.  The  first  part  covers  the  results  from  the  data  analyzed 
from  the  short  link  to  examine  the  validity  and  the  accuracy  of  the  ITU-R  and  Silva  models  for 
rain  attenuation  for  the  Albuquerque,  New  Mexico  region.  The  second  part  covers  a  preliminary 
antenna  array  design  that  is  being  developed  at  the  W/V  band  that  can  be  used  in  future 
communication  links.  The  third  part  includes  the  study  of  a  circular  horn  antenna  design  for  high 
gain  perfonnance  at  W/V  band  frequencies. 

The  report  ends  with  a  conclusion  stating  the  nature  of  this  on-going  work  and  the  future 
research  to  be  completed. 

3.0  METHODS,  ASSUMPTIONS  AND  PROCEDURES 


3.1  W/V  Band  Attenuation  Modeling 

To  overcome  the  ambiguity  caused  by  the  missing  weather  data  over  the  22.5  km  link,  and  to  have 
better  control  over  the  experiment,  a  short  link  of  0.56  km  operating  at  84  GHz  was  built.  The  84 
GHz  receiver  located  at  the  top  of  the  Space  Electronics  Center  at  the  University  of  New  Mexico 
(COSMIAC)  building  that  is  used  for  the  WTLE  experiment  was  redirected  to  serve  as  the  receiver 
for  the  short  link  experiment.  An  84  GHz  transmitter  was  placed  on  top  of  the  Schafer  Corporation 
building.  The  equipment  locations  are  shown  in  Figure  1  Rain  rate  and  received  power  are  still 
recorded  at  the  receiver  site.  In  this  case,  the  rain  rate  seen  at  the  receiver  can  be  assumed  to  be 
uniform  for  the  overall  link  because  the  communication  path  is  short.  The  data  used  for  the  short 
link  analysis  spans  roughly  from  August  3,  2016  till  September  30,  2016.  The  same  ITU-R  model 
[5-9]  used  in  the  Long  link  analysis  is  tested  in  this  short  link  experiment.  Even  though  the  sample 
size  is  small,  it  is  sufficient  in  order  to  perfonn  a  preliminary  test  to  check  whether  the  ITU-R 
model  is  accurate  for  the  region  of  Albuquerque  or  not.  In  this  report  we  show: 

1)  A  comparison  of  the  measured  rain  attenuation  relative  to  clear  air  and  the  calculated  rain 
attenuation  based  on  the  ITU-R  model  [5-9]  exceeded  for  0.01%  of  the  time  and  0.1%  of 
the  time  at  84  GHz. 
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2)  A  comparison  of  the  measured  rain  attenuation  relative  to  clear  air  and  the  calculated  rain 
attenuation  based  on  the  ITU-R  model  as  a  function  of  the  rain  rate,  and  finding  new  k  and 
a  coefficients  for  the  ITU-R  model  to  fit  it  to  the  experimental  results. 


Figure  1.  Short  Link  Experiment  Location 


3.2  Cross  Slotted  Waveguide 

The  idea  of  the  cross  slotted  waveguide  was  introduced  by  A.J.  Simmons  [10].  The  position  of 
the  slot  on  the  broad-wall  creates  the  circular  polarization.  At  this  position,  the  H  field  has  two 
components  that  are  orthogonal,  with  equal  magnitudes  and  90°  out  of  phase: 

sm(=)cos(7)e-^  (1) 

_j/3nn  mnx  ■  fnny  jBz 

Hy  ~  ^mnccs(— )sm(— 
mnx  nny 

Hz  =  -dmnCOS(  —  )C0S(  - )e  >PZ 
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Since  the  slot  is  at  the  broad-wall,  and  disregarding  the  phase  component,  the  field’s  values  are: 
j/3mn  m  mnx 

Hx  =  ±  i&rAmnSm(rir) 

Hx  =  0  (2) 

77?  Try 

Hz  =  ±Amnc  os(— ) 

The  two  components  of  the  magnetic  field  on  the  broad-wall  are  90°  out  of  phase  for  all  values  of 
x. 


For  a  TEio  mode,  kc 


™  and  p  =  yjk2  -  kl  =  -  (^)2 


In  order  to  find  the  values  of  x  for  which  the  circular  polarization  can  be  achieved,  the  following 
equation  should  be  solved: 

I  Hx\  =  \HZ\ 


fin 


t  .  ( nx\  .  ,nx^ 

-410sm(TJ=  410cos(-) 


/7rx\  k^a 

tan  —  =— —  withx^a/2. 
v  a  '  pit 


(3) 


The  value  of  x  where  circular  polarization  at  a  certain  frequency  f  can  be  achieved  can  be  found 


using  the  following  equation: 


i  &  ,  — 1 

x  =  +  -  x  tan  1 

n 


+ 


na  where  n  —  0  or  1 


(4) 


This  equation  shows  that  there  are  two  values  for  x,  on  the  broad-wall,  where  circular 
polarization  can  be  achieved.  The  two  positions  are  symmetrical  with  respect  to  the  center  line  of 
the  broad-wall.  At  these  positions,  the  Hx  component  is  either  leading  or  lagging  by  90°.  This 
property  of  the  cross  slotted  waveguide  antenna  allows  for  Left  Hand  Circular  Polarization  (LHCP) 
or  Right  Hand  Circular  Polarization  (RHCP)  wave  to  be  radiated.  Dual  polarization  can  be 
achieved  by  switching  the  feed  from  one  end  of  the  waveguide  to  the  other  end.  In  Figure  2,  the 
positions  where  the  circular  polarization  can  be  achieved  at  their  corresponding  frequencies  for  a 
WR10  rectangular  waveguide  are  shown.  In  order  to  radiate  power  out  of  the  waveguide,  cross 
slots  on  the  broad-wall  can  be  placed,  with  their  centers  positioned  at  the  positions  x.  The  cross 
slot  arms  should  be  perpendicular  to  each  other,  fonning  an  angle  of  45°  with  the  broad-wall  edges. 
The  length  of  each  ann  should  be  La  ~  X/2. 
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x  10 


Figure  2:  The  computed  x  positions  for  a  WR10  rectangular  waveguide. 


Waveguide  with  One  Slot. 

The  same  design  suggested  by  Simmons  was  done  at  W/V  band  frequencies.  A  WR10 
rectangular  waveguide  is  used.  The  waveguide  dimensions  are  a  =  2.54  mm  and  b  =  1 .27  mm.  The 
cross  slot  is  located  in  the  broad-wall  at  a  position  of  x  =  0.715  nun  from  the  narrow  wall.  The 
waveguide  is  fed  by  2  ports  from  each  side  for  different  circular  polarizations.  The  slot  arm  has  La 
=  2.05mm  corresponding  to  a  resonant  frequency  of  84  GHz  and  a  slot  width  of  Wa  =  0. 127  mm. 
The  arms  are  perpendicular  to  each  other  and  form  an  angle  a  =  45°  with  the  wall  of  the 
waveguide  as  shown  in  Figure  3a.  The  one  slot  produces  a  gain  of  3.4  dB  at  85.5  GHz,  with  a  left 
hand  to  right  hand  circular  polarization  ratio  of  20  dB  at  the  direction  of  maximum  gain. 

It  was  noticed  that  the  design  of  such  an  antenna  has  limitations  in  terms  of  the  frequencies 
where  circular  polarization  can  be  achieved.  These  limitations  are  caused  by  the  length  of  the  slot 
ann  and  the  position  of  the  center  of  the  slot.  In  certain  cases,  the  arm  length  doesn't  fit  inside  the 
waveguide  walls  especially  at  lower  frequencies  where  the  lengths  are  higher.  In  order  to 
solve  this  problem,  the  slot  shown  in  Figure  3b  is  proposed.  The  arms  have  a  Z  shape,  where  the 
curved  sections  are  small  enough  to  create  the  same  resonance  length,  and  also  keep  the 
circular  polarization  property  of  the  antenna. 


Approved  for  public  release;  distribution  is  unlimited. 

5 


a)  b) 

Figure  3.  a)  Straight  arm  slot,  b)  Z  arm  slot. 


4.0  RESULTS  AND  DISCUSSION 


4.1  W/V  Band  Modeling 

First,  the  rain  attenuation  according  to  the  ITU-R  model  was  calculated.  The  cumulative 
distribution  function  cumulative  distribution  function  (CDF)  for  the  rain  rate  is  shown  in  Figure 
4.  The  rain  rate  exceeded  for  0.1%  of  the  time  is  13.715  mm/hr  and  the  rain  rate  exceeded  for 
0.01%  of  the  time  is  129.29  mm/hr. 


Rain  rate  CDF 
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The  calculated  rain  attenuation  exceeded  for  0.1%  of  the  time  at  84  GHz  is  8.344  dB  and  the 
calculated  rain  attenuation  exceeded  for  0.01%  of  the  time  at  84  GHz  is  34.734  dB  according  to 
the  ITU-R  model. 


4.1.1  Measured  Attenuation 

Second,  the  attenuation  according  to  the  received  experimental  power  was  calculated.  The  noise 
floor  level  for  this  link,  at  84  GHz,  is  -80  dBm.  The  same  procedure  as  the  one  considered  for  the 
long  link  was  followed  to  assess  which  data  are  useful  to  keep  for  the  experiment  and  which  data 
should  be  deleted  due  to  any  failures  in  the  equipment  or  any  improbable  events  in  the 
experiment. 

The  CDF  for  the  total  measured  attenuation  is  shown  in  Figure  5.  The  clear  air 
attenuation  seen  for  90%  of  the  time  is  20.202  dBm.  The  total  attenuation  exceeded  for  0.1% 
of  the  time  is  43.192  dBm  and  the  total  attenuation  exceeded  for  0.01%  of  the  time  is  58.857 


Total  attenuation  CDF 


Figure  5.  Short  Link  Total  Measured  Attenuation  Cumulative  Distribution  Function  at  84  GHz 

The  rain  attenuation  relative  to  clear  air  is  calculated  using  equation  2.1. 

rain  attenuation  relative  to  clear  air  =  total  attenuation  —  clear  air  attenuation  (5) 
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Therefore,  the  rain  attenuation  relative  to  clear  air  exceeded  for  0.1%  of  the  time  is  22.99  dB  and 
the  rain  attenuation  relative  to  clear  air  exceeded  for  0.01%  of  the  time  is  38.655  dB. 

Next,  the  dynamic  range  is  calculated  using  equation  2.2. 

dynamic  range  —  clear  air  attenuation  —  noise  floor 

dynamic  range  —  20.202  —  (—80)  (6) 

dynamic  range  —  100.202  dB 

4,1.2  Results  Analysis 

Once  again,  the  values  resulting  from  the  ITU-R  model  calculations  and  the  experimental  results 
are  compared.  The  difference  is  calculated  according  to  equation  2.3.  The  results  are  summarized 
in  Table  1. 


%  difference  — 


Experimental  rain  attenuation  —  ITUR  rain  attenuation 
ITUR  rain  attenuation 


x  100 


(7) 


Table  1.  Short  Link  Comparison  of  ITU-R  and  Experimental  Results 


Fraction  of  time 

exceeded 

Rain  rate 
(mm/hr) 

ITU-R  rain 
attenuation  (dB) 

Experimental  rain 
attenuation  (dB) 

Percentage 

difference 

0.1% 

13.715 

8.344 

22.99 

175.53% 

0.01% 

129.29 

34.734 

38.655 

11.29% 

The  ITU-R  model  seems  to  underestimate  the  rain  attenuation  compared  to  the  real  values.  The 
difference  between  the  ITU-R  model  results  and  the  experimental  results  is  more  severe  at  low 
rain  rate  than  at  higher  rain  rates.  Thus,  it  is  obvious  that  the  ITU-R  model  is  not  accurate  for  the 
WTLE  experiment  conducted  in  Albuquerque,  New  Mexico. 

4.2  Fitting  of  ITU-R  Model 

The  k  and  a  coefficients  used  in  the  analysis  so  far  are  given  by  the  ITU-R  model.  However,  these 
coefficients  are  highly  dependent  on  climate  conditions  and  cannot  be  assigned  one  single  value 
to  cover  any  experiment,  independently  of  the  region  where  the  experiment  is  conducted. 
Conversely,  the  climate  regime  of  the  region  under  consideration  should  be  taken  into  account  to 
find  the  appropriate  values  of  the  k  and  a  coefficients  to  check  if  the  ITU-R  model  can  correctly 
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estimate  the  experimental  signal  attenuation.  Therefore,  in  the  following  section,  the  least  square 
error  fitting  method  was  used  to  fit  the  ITU-R  model  to  the  experimental  results.  Originally,  the  k 
and  a  coefficients  given  by  the  ITU-R  at  84  GHz  are  the  following: 
k  =  1.2164 
a  —  0.6999 

After  fitting  the  experimental  values,  it  turns  out  that  the  corrected  k  and  a  coefficients, 
with  a  95%  confidence  bounds,  that  should  be  used  with  the  ITU-R  model  to  calculate  the 
attenuation  for  the  WTLE  link  are  the  following: 
k  =  17.5  (17.18,  17.82) 
a  =  0.06003  (0.05796,  0.0621) 

Figure  6  shows  the  measured  attenuation  as  a  function  of  rain  rate,  the  original 
calculated  attenuation  using  the  k  and  a  coefficients  suggested  by  the  ITU-R  model,  and  the  fitted 
attenuation  corresponding  specifically  to  the  short  link  experiment.  A  Korean  group  tested  the 
ITU-R  model  for  rain  attenuation  at  73  GHz  and  83  GHz  over  a  short  0.5  km  terrestrial  link. 
They  proved  that  the  ITU-R  model  showed  a  good  estimate  for  the  rain  rates  below  100 
mm/hr,  but  it  was  inconsistent  for  the  rain  rates  above  100  mm/hr. 


Rain  attenuation  as  a  function  of  rain  rate 
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The  attenuation  according  to  the  ITU-R  model  was  calculated  again  using  the  k  and  a  coefficients 
found  from  the  curve  fitting  procedure.  The  new  calculations  show  that  the  calculated  rain 
attenuation  exceeded  for  0. 1%  of  the  time  is  26.342  dB  and  the  attenuation  exceeded  for  0.01%  of 
the  time  is  29.751  dB.  To  check  if  these  new  coefficients  showed  some  improvement  to  the  ITU- 
R  model,  the  results  are  summarized  in  Table  2. 


Table  2.  Comparison  of  ITU-R  Model  before  fitting  and  after  fitting 


Fraction  of  time 

exceeded 

Rain  rate 
(mm/hr) 

Percentage  difference 
with  old  k  and  a 

Percentage  difference  with 
new  k  and  a 

0.1% 

13.715 

175.53% 

-12.72% 

0.01% 

129.29 

11.29% 

29.93% 

When  the  rain  rate  is  13.715  mm/hr,  at  the  lower  limit  of  the  heavy  rain  rate  category  according  to 
Table  3  the  fitted  curve  showed  significant  improvement  in  matching  the  ITU-R  model  to  the 
experiment  compared  to  the  results  noted  previously  when  using  the  original  k  and  a  coefficients 
values.  However,  when  the  rain  rate  is  129.29  mm/hr,  which  is  categorized  as  violent  rain  rate 
according  to  Table  3,  the  fitted  curve  coefficients  resulted  in  a  worse  matching  than  the  one  gotten 
when  using  the  original  k  and  a  coefficients  with  the  ITU-R  model. 


Table  3.  Rain  Rates  Categories 


Description 

Rain  rate  (mm/hr) 

Light  Rain 

0-2 

Moderate  Rain 

2-10 

Heavy  Rain 

10-50 

Violent  Rain 

>50 

Albuquerque  is  in  the  lower  half  of  the  heavy  rain  rate  category.  It  is  clearly  noticeable  from 
Figure  6  that  the  majority  of  the  rain  events  occur  between  0  and  25  mm/hr.  A  larger  set  of  data 
is  needed  to  validate  any  theory,  however  as  a  preliminary  finding,  the  power  law,  yR  =  k  Ra 
given  by  the  ITU-R  to  calculate  the  rain  attenuation,  cannot  be  fitted  to  the  real  data  for  the 
Albuquerque  region.  A  different  equation  having  a  steeper  slope  for  low  rain  rates  and  a  slope 
converging  to  saturation  at  high  rain  rates  must  be  generated. 

In  general,  the  ITU-R  model  for  rain  attenuation  proved  to  be  invalid  for  the  WTLE 
experiment.  This  model  depends  highly  on  the  k  and  a  coefficients  that  in  turn  depend  on  the 
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frequency  of  operation  and  on  the  rain  regime  of  the  region  of  interest.  Even  when  trying  to  fit 
these  coefficients  to  the  experiment  using  the  least  square  error,  a  general  result  satisfying  low  rain 
rates  and  high  rain  rates  could  not  be  found.  A  new  form  of  the  equation  might  be  needed  to 
account  for  the  special  climate  conditions  in  Albuquerque,  New  Mexico. 

The  WTLE  experiment  is  an  ongoing  project,  more  resources  will  be  added  continuously  to 
help  improve  the  accuracy  of  the  experiment  and  the  effects  of  the  weather  conditions  on  the 
propagating  signal  in  more  depth.  Some  of  the  expected  improvements  in  the  future  are,  adding 
disdrometers  and  weather  stations  at  different  locations  along  the  path  to  have  a  better 
understanding  of  the  climate  conditions  all  over  the  path,  and  adding  a  fog  sensor  at  the  transmitter 
site  on  top  of  the  Sandia  Peak  to  be  able  to  monitor  the  clouds  effect  on  the  signal. 

4.3  Slot  Waveguide  Array 

A  single  slot  waveguide  like  the  one  shown  in  Figure  3.  doesn't  radiate  enough  power  so  an 
array  was  designed.  The  array  has  8  slots.  The  higher  number  of  slots  produces  higher  gain  and 
enables  the  antenna  to  radiate  more  power.  The  slot  total  length  was  L  =  1.85  mm  with  the  small 
section's  length  Ls  =  0.15  mm.  The  separation  between  the  slots  was  S  =  7/2.  The  array  is  shown 
in  Figure  7a. 


a)  b)  c) 

Figure  7a)  The  Z  arm  slot  array  antenna,  b)  the  Left  Hand  Circularly  Polarized  (LHCP)  3D  radiation 
Pattern  at  84.75  GHz  and  c)  the  Right  Hand  Circularly  Polarized  (RHCP)  3D  radiation  Pattern  at  84.75  GHz 

The  simulation  of  the  array  was  done  using  CST  Microwave  Studio.  The  array  was  fed  by  2- 
ports  separately.  Each  port  produces  a  different  circular  polarization.  The  simulation  showed  good 
antenna  operability  at  85.5  GHz.  The  antenna  S-parameters  showed  that  the  antenna  is  well 
matched  between  75-90  GHz.  At  85.5  GHz  more  than  90%  of  the  power  is  radiated  and  the  antenna 
is  well  matched  at  the  input  as  shown  in  Figure  8.  The  radiation  pattern  of  this  antenna  at  85.5  GHz 
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showed  a  gain  of  1 1.6  dB  for  LHCP  and  the  isolation  between  left  handed  LH  and  right  handed 
RH  circular  polarization  was  -18.5  dB  in  the  direction  of  maximum  gain.  The  side  lobe  level  at 
this  frequency  is  -12  dB  as  shown  in  Figure  9.  The  main  beam  is  in  the  direction  of  0  =  39°.  The 
gain  at  the  main  beam  varies  between  10-12  dB  as  shown  in  Figure  10. 


■50 - 1 - — - 1 - 

75  90  85  90 

Frequency  in  GHz 


Figure  8.  The  reflection  coefficient  and  the  transmission  from  port  1  to  port  2  of  the  array. 


Radiation  Pattern  in  the  plane  Phi  =  80  degrees  at  85.5  GHz 


Figure  9.  The  radiation  pattern  of  the  antenna  in  the  plane  Phi  =80  degrees. 


Approved  for  public  release;  distribution  is  unlimited. 

12 


Radiation  Pattern  of  8  slots  antenna  in  plane  Theta  =  39  degree 


Figure  10.  The  radiation  pattern  of  the  antenna  in  the  plane  Theta  =  39  degrees. 


The  problem  with  the  single  waveguide  cross  slot  array  was  that  the  maximum  radiation 
direction  was  not  the  same  as  the  direction  of  the  null  on  the  main  beam  for  the  opposite  circular 
polarization.  In  order  to  fix  this  problem,  small  horn  cavities,  or  circular  waveguide  sections  could 
be  added  around  each  slot. 

4.3.1  2-D  Array. 

Expanding  this  array  into  2  dimensions  increases  the  gain  by  concentrating  the  radiation  in  one 
direction  [11-13].  It  also  makes  the  entire  half  power  beam-width  circularly  polarized.  The 
problem  with  the  2-D  array  is  the  feeding  and  the  phase  between  the  waveguide  elements.  The 
study  of  the  radiation  pattern  of  the  2-D  array  using  the  array  factor,  showed  that: 

•  The  center  waveguides  should  be  fed  in  phase  if  the  number  of  waveguides  is  even. 

•  The  phase  difference  with  the  next  in  line  waveguide  (on  both  sides)  should  be  low. 

•  The  waveguides  on  either  side  of  the  center,  should  have  the  same  phase. 

An  array  of  3x16  was  designed.  The  expected  gain  was  20  dB  at  84  GHz.  For  the  feeding 
network,  a  waveguide  with  3  slots  on  the  narrow  wall  was  used  as  shown  in  Figure  1  la  and  b.  The 
slots  have  360°  phase  difference  center  to  center.  The  first  and  third  slot  widths  are  0.43  mm,  and 
the  middle  slot  has  a  width  of  0.44  mm.  The  slot  lengths  are  1.88  mm.  The  slots  radiate  into  3 
different  waveguides.  The  center  waveguide  is  a  straight  section  waveguide.  The  other  waveguides 
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are  curved  waveguides.  The  curvature  of  the  waveguides  was  chosen  in  a  way  to  minimize 
reflections.  The  third  waveguide  is  a  mirror  about  the  center  of  the  first  waveguide.  That  secures 
the  same  phase  difference  that  is  added  at  the  output  of  both  waveguides.  The  feeding  network 
largest  length  is  37.4  mm. 


Figure  11.  a)  Feed  Network  Design,  b)  Interior  Design  of  the  Feed,  and  c)  The  E  field  inside  the  feed. 


Figure  12.  The  reflection  coefficient  of  the  feed  network,  and  the  feed  network  with  the  array. 

By  examining  the  scattering  parameters  of  the  feed  network,  it  was  noticed  that  it  is  matched 
between  82.5  -  85  GHz  as  seen  in  Figure  12.  The  S21,  S31  and  S41  have  almost  the  same 
magnitude  and  phase  between  82.5  -  85  GHz.  This  property  secures  a  feeding  in  phase  and 
with  equal  magnitudes  (-5  dB)  to  all  the  waveguides  of  the  array  as  seen  in  Figure  13  and  14. 
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Frequency  (GHz) 

Figure  13.  Transmission  coefficient  magnitudes. 


Figure  14.  The  phase  plot  of  the  transmission  coefficients. 


The  feed  network  was  then  connected  to  the  3x16  slot  array  and  the  simulation  of  the  entire 
design  was  done.  A  gain  of  20.5  dB  was  achieved  at  84  GHz.  The  individual  waveguides  were 
replicas  of  the  design  of  the  single  waveguide  presented  in  the  previous  section.  The  maximum 
gain  is  in  the  plane  <D>  =  90°  and  at  a  direction  9  =  40°  as  shown  in  Figure  15.  The  radiation 
patterns'  main  lobe  was  almost  in  the  same  direction  for  frequencies  between  82.5  -  85  GHz, 
which  are  the  frequencies  of  operation  of  the  design  as  seen  in  Figure  12. 
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Figure  15.  a)  Left  hand  circularly  polarized  radiation  pattern,  b)  right  hand  circularly  polarized  radiation 

pattern  at  84  GHz. 


Theta  (Degrees) 

Figure  16.  RHCP  and  LHCP  radiation  patterns  at  different  frequencies. 


As  shown  in  Figure  16  the  array  has  a  gain  of  20  dB  between  83-85  GHz.  The  isolation 
between  LH  and  RH  circular  polarizations  at  the  maximum  gain  was  more  than  20  dB  over  the 
entire  range  of  frequencies  of  operation.  The  side  lobe  level  was  less  than  14  dB  and  the  half 
power  beam  width  is  8.4°  in  the  O  =  90°  plane. 

The  problem  with  the  design  of  waveguide  slotted  arrays  is  that,  when  the  feeding  port  is 
switched  in  order  to  change  the  polarization,  the  beam  direction  also  switches  and  hence  if  the 
target  of  communication  is  still  at  the  same  direction,  the  entire  antenna  direction  should  be 
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switched.  In  order  to  solve  this  problem,  a  hom  antenna  fed  by  one  of  the  cross  slots  was  designed 
next. 

4.3.2  Circular  Feed  Extension. 

The  design  of  the  array  showed  that  the  main  beams  of  the  different  polarization  senses  are 
directed  in  different  directions.  This  is  caused  by  the  phase  difference  at  each  slot.  By  switching 
the  feeding  port,  the  beam  also  switches.  In  order  to  solve  this  problem,  the  radiation  generated  by 
one  slot  can  be  extracted  into  either  a  square  waveguide  or  a  circular  waveguide.  These  two  types 
of  waveguides  were  chosen  because  their  fundamental  modes,  TEio  and  TEoi  in  the  case  of  the 
first  and  TEn  in  the  case  of  the  second,  can  be  excited  in  orthogonal  directions  with  a  90°  phase 
difference.  At  the  position  of  the  cross  slot,  the  H  field  has  two  components,  Hx  and  Hz  that  are 
orthogonal  and  90°  out  of  phase.  These  two  components  have  their  magnitudes  almost  equal  for  a 
large  band  of  frequencies.  This  magnetic  field  is  coupled  through  the  cross  slot  into  the  extraction 
waveguide  where  the  fundamental  modes  should  be  excited. 

Here,  a  circular  waveguide,  with  a  TEn  mode  operating  was  used  for  power  extraction.  Since 
the  coupled  field  has  two  components  Hx  and  Hz  that  are  90°  out  of  phase,  two  degenerate  TEn 
modes,  that  are  orthogonal  to  each  other  and  in  quadrature  phase  difference,  are  excited.  This  wave, 
if  radiated  through  a  hom  antenna,  can  create  a  circularly  polarized  radiation  that  points  in  the 
same  direction  for  both  polarization  senses. 

This  same  concept  applies  to  a  square  waveguide  that  operates  in  its  fundamental  modes.  The 
TE  10  and  TEoi  modes  are  excited  with  a  90°  phase  difference  between  them. 

4.3.3  Circular  Design  and  Simulation  Results. 

This  method  of  polarization  was  used  in  order  to  feed  a  horn  antenna  in  Figure  17.  The  slot 
used  for  coupling  the  power  into  the  extraction  waveguide  resonates  at  85.5  GHz.  The  slot  arm 
has  a  width  Wa  =  0.195  mm,  a  short  length  Ls,a=  0.32  mm  and  a  long  length  Li,a=  1.67  mm.  The 
slot  is  centered  at  0.65  mm  from  the  broad-wall  long  edge.  The  slot  radiates  into  a  circular 
waveguide  with  radius  2.5  mm.  The  radius  was  determined  in  order  to  only  propagate  a  TEi  i  mode. 
The  circular  waveguide  was  used  to  feed  a  horn  with  aperture  diameter,  Da  =  30  mm  and  length 
Lh  =  45  nun.  The  examination  of  the  fields  propagating  inside  the  circular  waveguide  at  different 
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instances  of  time  showed  that  a  degenerate  TEn  field  is  propagating  as  shown  in  18  and 
its  scattering  parameters  are  shown  in  Figure  19. 


Figure  17.  Horn  antenna  circular  polarization  configuration. 


Figure  18.  The  E-field  inside  the  circular  waveguide  at  different  instances  of  time. 


Since  the  slot  is  only  good  for  radiating  power  at  the  band  of  frequencies  between  82-  89  GHz 
(50%  or  more  of  the  power  is  radiated),  the  gain  of  the  antenna  is  affected.  The  antenna  radiated 
the  most  power  between  83  and  88  GHz  resulting  in  a  20  dB  gain  or  more.  Outside  these  frequency 
bands  the  gain  dropped  significantly.  It  was  also  noticed  that  due  to  the  mismatch  between  the 
extraction  waveguide  and  the  feeding  waveguide,  the  circular  polarization  was  affected.  The 
reflection  of  the  radiated  wave  into  the  extraction  waveguide  causes  the  phase  between  the  two 
components  of  the  magnetic  field  to  change  and  hence  affecting  the  circular  polarization  and 
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resulting  in  the  drop  of  the  isolation  between  RH  and  LH  CP  as  seen  in  Figure  20.  This  can  be 
solved  by  working  on  a  better  match  between  the  two  waveguides. 


Figure  19.  Horn  scattering  parameters. 


Figure  20.  Horn  antenna  gain  and  the  isolation  between  LHCP  and  RHCP. 


Nonetheless,  the  radiation  pattern  showed  that  for  most  of  the  frequencies,  the  isolation 
between  LHCP  and  RHCP  was  more  than  20dB.  As  seen  in  Figure  21,  the  horn  antenna  has  a  half 
power  beam  width  HPBW  of  9°  -  12°  over  the  frequencies  of  operation.  The  side  lobe  level 
(SLL)  is  of  -20  dB  to  -25  dB  over  the  entire  frequency  range.  The  plot  of  the  axial  ratio  over  the 
HPBW  showed  that  the  for  most  of  the  HPBW,  the  axial  ratio  is  less  than  3  dB,  which  means 
that  the  main  beam  is  circularly  polarized  for  almost  the  entire  HPBW  as  shown  in  Figure  22. 
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5.0  CONCLUSIONS 


This  report  covers  the  research  work  performed  on  the  WTLE  (W/V  Band  Terrestrial  Link 
Experiment)  experimental  link  to  study  the  propagation  effects  of  signals  at  72  and  84  GHz.  The 
report  covers  the  results  from  the  data  analyzed  from  the  short  link  (0.56  km)  to  examine  the 
validity  and  the  accuracy  of  the  ITU-R  and  Silva  models  for  rain  attenuation  for  the  Albuquerque, 
New  Mexico  region.  A  preliminary  antenna  array  design  that  is  being  developed  at  the  W/V  band 
that  can  be  used  in  future  communication  links  was  presented  and  discussed  in  detail.  Furthermore, 
some  results  from  the  design  of  a  circular  horn  antenna  for  high  gain  performance  at  W/V  band 
frequencies  was  include. 

From  the  study  of  the  models  it  becomes  apparent  that  there  exist  several  different  factors 
that  can  detennine  the  predicted  attenuation  for  a  terrestrial  link.  Further  research  will  be 
completed  to  detennine  the  degree  of  signal  attenuation  due  to  rain,  atmospheric  gases  and  cloud 
or  fog  attenuation.  The  establishment  of  the  short  link  will  allow  us  to  understand  the  effects  of 
weather  variation  over  the  longer  WTLE  experimental  link. 
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LIST  OF  ACRONYMS 


CDF 

Cumulative  Distribution  Function 

COSMIAC 

Space  Electronics  Center  at  the  University  of  New  Mexico 

dB 

Decibel 

dBm 

Decibel  with  1  mW  reference 

GHz 

Giga-Hertz 

HPBW 

Half  Power  Beamwidth 

ITU-R 

International  Telecommunication  Union  Radiocommunication  Sector 

km 

kilo-meter 

LHCP 

Left-Hand  Circular  Polarization 

mm 

milli-meter 

mW 

Milli-Watt 

RHCP 

Right-Hand  Circular  Polarization 

SLL 

Side  Love  Level 

WTLE 

W/V  Band  Terrestrial  Link  Experiment 
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